A novel method for preparing short magnetic metal fibres is proposed. In this method, compounds of magnetic metal are reduced in a hot liquid polyol, and the reducing agent is the polyol itself. As the reaction takes place, a constant magnetic field is applied to induce the growth of metal fibres. Using this method, magnetic cobalt fibres of a diameter down to 1.2 µm were successfully prepared. The prepared cobalt fibres had a narrow diameter distribution and a low degree of agglomeration, and their diameters could be easily controlled by changing the reaction temperature. Using the transmission/reflection waveguide method, the complex permeability and permittivity of cobalt fibre-epoxy resin composites were measured in the frequency range of 8.2-12.4 GHz. The results of the measurements show that cobalt fibres present magnetic loss at microwave frequency, and that the microwave permeability and permittivity of cobalt fibres decrease as the diameter increases.
Introduction
There has been increasing interest in the investigation of the microwave properties of magnetic metal and ferrite particles in last few years. Spherical magnetic metal particles have been studied in [1] [2] [3] , flaky magnetic metal particles in [4] , acicular magnetic metal particles in [5] [6] , magnetic metal nanowires in [7] , and magnetic ferrite fibres in [8] [9] . Previous studies have shown that spherical, flaky and acicular magnetic metal particles and magnetic ferrite fibres all exhibit magnetic losses in the microwave frequency range, and their complex permeabilities depend on particle size.
Recently, we have studied the microwave properties of fibrous magnetic metal particles. In [10] [11] , we have presented a theoretical investigation on the microwave properties of short magnetic metal fibres. In [12] , we have presented the fabrication and microwave properties of magnetic iron fibres. In this paper, we will report on the preparation technique and microwave properties of magnetic cobalt fibres.
Usually, metal fibres can be produced by shattermachining, melt-extraction, and bundle-drawing [13] [14] [15] [16] [17] . The shatter-machining method can be used to continuously produce short metal fibres with a diameter of 15-100 µm. The melt-extraction method is suitable for lower melttemperature metal and can be used to produce sub-20 µm metal fibres. The bundle-drawing method can be used to produce metal fibres finer than 10 µm, but initial metal wires should be prepared prior to drawing. Apparently, all these methods are unsuitable for producing fine cobalt fibres. This paper will describe a novel method for producing short magnetic metal fibres. This method is based on the polyol process, which is often used to produce spherical and monodisperse metal particles [18] [19] [20] . Compounds of magnetic metal are reduced in a hot liquid polyol, and the reducing agent is the polyol itself. As the reaction takes place, a constant magnetic field is applied to induce the growth of metal fibres. In this paper, this method will be used to prepare magnetic cobalt fibres.
The transmission/reflection (T/R) coaxial line method and the T/R rectangular waveguide method are commonly used to measure microwave permeability and permittivity. For the T/R coaxial line method, the accuracy is less than 10% only for ε < 15, and a bad contact between the sample and the inner and outer conductors may result in up to a 40% measurement error for high-permittivity materials [21] [22] . As cobalt fibres are of higher permittivity, we will use the T/R waveguide method to measure their complex permeability and permittivity.
Experiment

Preparation technique
Our preparation technique is based on the reduction of acetate hydrate of magnetic metal. It has been discovered that hot polyols have sufficient reducing power to reduce the initial metallic compounds to the metal stage (oxidizing degree = 0) [18] [19] [20] . Therefore, in our technique, polyols will be used as reducing agents, and the reaction will be conducted at the boiling temperature of the polyols. As the reaction takes place, a constant magnetic field will be applied to cause the fine spherical metal particles to attach themselves to each other and orient along the lines of magnetic field force, forming short metal fibres. Figure 1 schematically shows our own assembled laboratory preparation set-up. Figure 1 (a) is an elevation view of the set-up, and figure 1(b) is a section view taken along the line A-A of figure 1(a). A glass reactor is heated by an oil-bath that is operated by a temperature controller. To speed the dissolution of the precursors, the reactor is equipped with a conventional stirrer. As the reaction is performed at the boiling temperature of the polyol, a conventional condenser, which is cooled by water circulation, is used to reflux the polyol. A toroidal coil, which is connected to a direct current power, is used to provide a constant magnetic field along the vertical axis of the reactor. The oil-bath is constructed of non-magnetic stainless steel, so that the magnetic field is not shunted.
The reaction proceeds according to the following scheme: progressive dissolution of precursors; reduction of the dissolved species by the polyol; nucleation of metal; growth of metal fibres. At the beginning of the process, the solution is heated up and stirred. After the solution begins to boil, the stirring is stopped, a magnetic field of a minimum strength of 150 oersted is applied, and the solution is maintained at the boiling temperature. The reaction is conducted for a time sufficient so that the reaction is complete; usually this time period (namely, reaction time) varies between several dozen minutes and several hours. At the end of the process, the formed metal fibres are isolated, for instance by filtering or centrifuging. The length of the metal fibre depends to a large extent on the strength of the magnetic field. The diameter of the metal fibre depends on both the reaction time and the precursor concentration.
Preparation of cobalt fibres
Cobalt fibres were prepared as follows:
(1) 300 cm 3 of glycol HOCH 2 CH 2 OH, 6 g of sodium hydroxide NaOH, and 7.5 g of cobalt acetate hydrate Co(CH 3 COO) 2 4H 2 O were put into the reactor in turn; (2) the solution was stirred and heated at a speed of 3 • C min −1 ; (3) when the temperature of the solution reached 196
• C, the stirring was stopped, the water circulation system of the condenser was started up, and a magnetic field of a strength of 200 oersted was applied; (4) the solution was maintained boiling for 8 h and 20 min; (5) the heating was stopped, the magnetic field was withdrawn, and the reaction mixture was left to cool; (6) the cobalt fibres were separated from the solution by centrifugation, washed with ethanol, and dried in a vacuum oven at 50 • C.
Characterization techniques
The morphology of cobalt fibres was observed by a Hitachi S-2150 scanning electron microscope (SEM). The phase analysis was performed by x-ray diffraction using a Rigaku D/MAX-2400 x-ray diffractometer (Co Kα radiation). The T/R waveguide method was used to analyse the microwave properties of magnetic cobalt fibres. Cobalt fibres were randomly dispersed in a commercially available Preparation of magnetic cobalt fibres and their microwave properties epoxy resin (diglycidyl ether of bisphenol A) with the volume fraction of 10%. After that, rectangular waveguide samples were prepared. These were 22.88 mm in length, 10.22 mm in width and 2.01 mm in thickness. The measurement setup consisted of an HP8510B vector network analyser with a synthesized sweep oscillator source and an S-parameter test set. An X-band rectangular waveguide holder was used to hold the samples. The relative complex permeability µ = µ −jµ and the relative complex permittivity ε = ε −jε of the samples were calculated from the measured transmission and reflection coefficients [23] .
Results and discussion
Using the proposed preparation technique, fine magnetic cobalt fibres were successfully prepared, with a narrow diameter distribution and a low degree of agglomeration. SEM micrographs of typical cobalt fibres are provided in figure 2 ; the fibres are about 1.5 µm in diameter. As shown in figure 2 , the cobalt fibres appear to be a chain of spheres. This indicates that, during the process, the fine spherical cobalt particles are formed first, and then they attach themselves to each other along the lines of force of the magnetic field, forming the cobalt fibres. The x-ray diffraction patterns show that cobalt fibres crystallize with both fcc (face-centred cubic) and hexagonal lattices.
During the preparation process of the cobalt fibres, the colour of the solution changed with time. At the beginning of the process, as Co 2+ is blue, the solution appeared as dark blue. As the temperature increased, the colour of the solution gradually changed from dark blue to pink. When the temperature reached 196
• C, the solution was absolutely pink. This indicated that pink Co(OH) 2 came into being in the solution. At the end of the process, as black cobalt fibres were suspended in the solution, the solution appeared to be darkish. After the black cobalt fibres were isolated, the final solution became transparent. This showed that there were no Co 2+ and Co(OH) 2 in the solution, and the reaction was complete.
The preparation experiments showed that when the initial reactants of different experiments had the same concentration, the higher the reaction temperature was, the shorter the reaction time was. For example, when the reaction temperature was 196
• C, the reaction took 8 h and 20 min; when the reaction was conducted at 220
• C, the reaction took only 3 h and 26 min. This phenomenon can be satisfactorily interpreted by the Newton reaction velocity equation [19] . Furthermore, the diameter of the formed cobalt fibres strongly depended on the reaction time. For instance, when the reaction time was 8 h and 20 min, the diameters of the formed cobalt fibres were about 1.2-1.8 µm; when the reaction time was 3 h and 26 min, the fibres ranged from 2.4-3.2 µm in diameter. Thus, it can be seen that the diameter of the fibre can be easily controlled by changing the reaction temperature. However, the effect of the reaction temperature on the length of fibres was not apparent. The fibres ranged from 10-40 µm in length and the average length of the fibres was about 25 µm. Figure 3 illustrates the complex permeability and permittivity of samples A and B in the frequency range of 8.2-12.4 GHz. The cobalt fibres in sample A are about 1.2-1.8 µm in diameter, and those in sample B are about 2.4-3.2 µm in diameter. The fibres in both samples A and B range in length from 10-40 µm. Figure 3 shows that both the complex permeability and complex permittivity of sample B are markedly lower than those of sample A in the entire X waveband. Thus, it can be seen that the microwave permeability and permittivity of cobalt fibres decrease as the diameter increases. This experimental result is in agreement with the theoretical analysis in [10] , and it could be interpreted by the eddy current effects. Figure 3 also shows that cobalt fibres present higher magnetic loss. As shown in figure 3 , the values of µ of samples A and B are higher than 0.55 and 0.4 in the entire X waveband, respectively, despite the lower volume fraction. In addition, figure 3 still indicates that the values of µ of both samples A and B decrease with the increasing frequency. This is due to both eddy current loss and ferromagnetic resonance [24] .
Conclusions
A novel method for preparing short magnetic metal fibres has been proposed. Using this method, magnetic cobalt fibres of a diameter down to 1.2 µm have been prepared. The formed cobalt fibres have a narrow diameter distribution and a low degree of agglomeration, and their diameters can be easily controlled by changing the reaction temperature.
Using the T/R waveguide method, the complex permeability and permittivity of cobalt fibre-epoxy resin composites have been measured in the frequency range of 8.2-12.4 GHz. The results of the measurements show that cobalt fibres present magnetic loss at microwave frequency, and the microwave permeability and permittivity of cobalt fibres decrease as the diameter increases.
